The ViroSeq HIV-1 genotyping system is used in many African countries for drug resistance testing. In this study, we used a panel of diverse HIV-1 group M isolates circulating in Cameroon to show that the performance of this assay can be altered by the sequence variation of non-B HIV-1 strains that predominate in African settings.
The ViroSeq HIV-1 genotyping system is used in many African countries for drug resistance testing. In this study, we used a panel of diverse HIV-1 group M isolates circulating in Cameroon to show that the performance of this assay can be altered by the sequence variation of non-B HIV-1 strains that predominate in African settings.
Human immunodeficiency virus (HIV) resistance testing is an important monitoring tool for the management of antiretroviral-treated patients and is largely used in industrialized countries to select the appropriate regimen when initiating or switching antiretroviral treatments (ART) (5) . In developing countries, because of financial issues, the prohibitive cost of the assay, the lack of adequately trained personnel, and laboratory infrastructures, access to resistance testing is still greatly limited and is not even recommended by the World Health Organization (WHO) for the routine management of patients (14) . However, with the ongoing scale-up of ART in these countries since 2000, the demand for drug resistance testing is increasing. A limited number of tests are performed for routine patient management, and the majority of tests are performed for research purposes and resistance surveillance studies recommended by the WHO (1) .
Drug resistance testing can be performed using either phenotypic or genotypic assays. Generally, sequence-based genotyping assays, also known as population-based genotyping assays, is preferred to phenotypic assays for the routine management of patients because of their reduced cost and required infrastructures and because they are less time-consuming. Sequence-based HIV-1 genotyping assays detect resistance mutations in the protease (PR), reverse transcriptase (RT), and integrase (I) genes by comparing the gene sequences of the investigated virus with those of a wild-type reference HIV-1 subtype B strain. Currently, two Food and Drug Administration (FDA)-approved genotyping methods are commercially available, the ViroSeq HIV-1 genotyping system, version 2.0 (Celera Diagnostics, Alameda, CA) (4), and the Trugene HIV-1 genotyping kit for drug resistance (Siemens Healthcare Diagnostics, Deerfield, IL) (6) .
Like most of the biological tools used to manage HIV infection, e.g., diagnostic tests, viral load assays, etc., sequencebased genotyping assays are subjected to subtype-specific constraints, especially when dealing with HIV-1 non-B viruses, which predominate in sub-Saharan Africa (2, 11) . The ViroSeq HIV-1 genotyping system is FDA approved for analysis of subtype B HIV-1 only, but it is widely commercialized and used in sub-Saharan Africa, where non-B HIV-1 variants are largely found. However, only a few studies have evaluated the performance of the ViroSeq system in the context of non-B HIV-1 variants, and these studies reported limitations of ViroSeq in correctly amplifying and sequencing some non-B variants, such as subtype C, which predominates worldwide and in South African areas (4, 9, 13). Here we report on the performance of the ViroSeq genotyping system in Cameroon, a country with a very high genetic diversity of HIV-1, where all known groups of HIV-1 (M, N, O, and P) and group M subtypes, as well as numerous recombinant forms, cocirculate. As part of ongoing clinical trials conducted in Cameroon, we tested 145 samples for antiretroviral drug resistance using the ViroSeq HIV-1 genotyping system, version 2.0. Samples were from patients receiving ART in different clinics in the area of Yaoundé, the capital city; genotyping was recommended for those with viral loads above 1,000 RNA copies/ml, and all patients eligible for a drug resistance genotyping were included in chronological order in the current substudy. In addition, a subset of samples from patients at baseline was also tested. The trials were all approved by the Cameroonian Ethics Committee, and resistance testing was included in these studies. The resistance tests were conducted locally, at the CREMER/ IMPM/IRD Virology Laboratory, which is also the National WHO Reference Laboratory for HIV drug resistance surveillance. The ViroSeq assay was performed as recommended by the manufacturer's instructions with 0.5 ml plasma. All samples except three had a viral load of Ͼ4 log 10 copies/ml. The other three samples had a viral load between 1,000 and 2,000 copies/ml but were also tested, since our routine experience showed that the ViroSeq assay generally amplified such samples correctly. The ViroSeq kit contains all the necessary reagents for RNA extraction, reverse transcription, PCR ampli-fication, PCR product purification, and sequencing reactions. A final PCR product of 1.8 kb is expected, and seven sequencing primers (A, B, C, D, F, G, and H) are provided to sequence both DNA strands ( Fig. 1) , primer D being provided as a substitute for A in case the latter fails (4) . In cases where the ViroSeq assay did not provide adequate amplification or sequencing result, a genotyping assay developed in-house was performed (12) . This "homemade" system used outer primers G25REV (5Ј-GCAAGAGTTTTGGCTGAAGCAATGAG-3Ј) and IN3 (5Ј-TCTATBCCATCTAAAAATAGTACTTTCC TGATTCC-3Ј), inner primers AV150 (5Ј-GTGGAAAGGAA GGACACCAAATGAAAG-3Ј) and polM4 (5Ј-CTATTAGC TGCCCCATCTACATA-3Ј), and five additional primers for sequencing: polM0 (5Ј-TCCCTCAGATCACTCTTTGGCA-3Ј), polM1 (5Ј-GTTAAACAATGGCCATTGACAGA-3Ј), polM4 (5Ј-CTATTAGCTGCCCCATCTACATA-3Ј), polM8 (5Ј-CT GTATATCATTGACAGTCCAG-3Ј), and polM9 (5Ј-ATTG AACTTCCCAGAAGTCTTGAGTT-3Ј). The sequences obtained were assembled and analyzed using the ViroSeq HIV-1 genotyping system software, version 2.8 (Celera Diagnostics, Alameda, CA), and/or SeqMan II software (DNASTAR, Madison, WI).
Subtypes or circulating recombinant forms (CRFs) were determined by constructing phylogenetic trees and performing recombination analyses using ClustalX 2.0 (10) and Simplot 3.5.1 (8), respectively. To determine whether the genetic diversity of HIV-1 strains circulating in Cameroon can play a role in the performance of the ViroSeq assay, we estimated the performance of each of the assay's sequencing primers according to viral subtypes in our sample panel. In addition, we estimated the binding position of these primers within the gag-pol region based on the position where the sequence generated by the primer started. We did that because ViroSeq primers are not publicly accessible for such analyses. We therefore studied the variability of sequences in these areas where the primers are expected to bind, using the online tool SeqPublish from Los Alamos (http://www.hiv.lanl.gov) and HIV-1 subtype B HXB2 (accession no. K03455) as the reference sequence in the alignment. Also, we included in the alignment a set of HIV-1 subtypes B sequences from GenBank (http://www .hiv.lanl.gov) and the sequences from our sample panel.
Of the 145 samples tested, 144 were successfully amplified using the ViroSeq assay, resulting in a good amplification rate of 99.3%. The sample that failed to be amplified had a viral load of 4.27 log 10 copies/ml and was successfully amplified by the in-house assay. Subsequent analyses showed that this sample was a subtype D HIV-1 strain. Thus, all samples but one were correctly PCR amplified and taken to the sequencing phase. Phylogenetic analyses of the viral pol region showed that all the amplified samples were HIV-1 group M viruses, and although the recombinant form CRF02_AG (n ϭ 89) predominated (61.8%), numerous other subtypes and CRFs were also found: A/A1 (n ϭ 3), D (n ϭ 5), F2 (n ϭ 7), G (n ϭ 5), CRF01_AE (n ϭ 1), CRF09_cpx (n ϭ 2), CRF11_cpx (n ϭ 6), CRF22_01A1 (n ϭ 3), CRF25_cpx (n ϭ 1), CRF36_cpx (n ϭ 1), CRF37_cpx (n ϭ 2), complex recombinant (n ϭ 12), and unclassified (n ϭ 7).
Using this panel of HIV-1 subtypes and CRFs, representing the genetic diversity of HIV-1 group M viruses circulating in Cameroon, we investigated the performance of the sequencing primers of the ViroSeq system. We categorized the results of sequencing as heterogeneous signal, negative, and positive. The heterogeneous signal referred to primers that generated sequences with two or more overlapping chromatograms, partially or on the full sequence length, with no chance of distinguishing any existing mutation. As they could not be used, heterogeneous signals were considered primer failure. The primers that completely failed were designated negative, and primers were considered positive when the sequencing was successful. As shown in Table 1 , the primer with the highest failure rate was primer D, which showed a failure rate between 0% and 100% depending on HIV-1 subtype. This primer showed a 100% failure for subtypes A/A1 (n ϭ 3), F2 (n ϭ 7), CRF09_cpx (n ϭ 2), and CRF37_cpx (n ϭ 2) and for the only CRF01_AE sequence. In addition, this primer failed with up to 42% of the predominant variant CRF02_AG samples. Overall, the failure rate of primer D was 52.6%, meaning that it failed to sequence more than half of the samples tested. Primer H had the second highest failure rate. This primer showed a 100% failure rate with CRF25_cpx (n ϭ 1) and CRF37_cpx (n ϭ 2) samples and a failure rate of up to 31.5% with the predominant variant in Cameroon, CRF02_AG. The overall failure rate of primer H was 24.3%. The last two primers with the highest failure rates were primers A and F, which showed overall failure rates of 12.5% and 11.8%, respectively. Subtypes and CRFs with which these primers failed more frequently were F2, CRF02_AG, CRF11_cpx, CRF22_01A1, and unclassified isolates for primer A and A/A1, F2, CRF11_cpx, CRF25_cpx, and unclassified isolates for primer F (Table 1) . We observed very low failure rates for primer B (0.7%), primer C (1.4%), and primer G (0.7%).
To elucidate whether sequence variation can influence the performance of the ViroSeq assay, we compared the sequences of subtypes B viruses, since the assay is optimized for this subtype, with the sequences that we generated. We did the analyses for the three primers which showed the highest failure rates: A, D, and H. We excluded subtypes for which we had fewer than three sequences and complex recombinant strains, since they were not clearly related to one particular subtype. Sequences that did not cover the investigated region adequately were also excluded, and finally, we arbitrarily removed some sequences in subtypes where more than 50 sequences were available, in order to display usable figures. These analyses provided interesting results: (i) in the areas where primers A, D, and H were developed and expected to bind, the polymorphism of HIV-1 non-B subtypes was higher than that observed in the B strains (Fig. 2, 3 , and 4); (ii) within each non-B subtype represented (CRF02_AG, D, F2, and CRF11_cpx), no particular polymorphism pattern was associated with failure or success, and indeed, we observed the same degree of polymorphism between sequences that failed and those that worked, although for some cases the number of failing sequences was too limited to allow an objective analysis; (iii) finally, we observed no particular polymorphism pattern or mutations between the represented non-B subtypes that could help predict the success or failure of the primers investigated (A, D, and H).
Adequate identification of drug resistance mutations requires successful sequencing of both forward and reverse sequences to confirm mixture peaks and exclude possible bias in the form of noise peaks that can result from the use of a unique sequence (7) . For this reason, we also evaluated the overall sequencing efficiency of the ViroSeq assay by determining the sequencing failure rate, defined as the inability of the assay to generate a full set of acceptable sequences that cover the regions investigated in the protease (amino acids 1 to 99) and RT (amino acids 1 to 335) genes in both directions. Sequencing failures mainly involved the 5Ј end of the protease and the 3Ј end of the RT genes because of the high failure rate of primers A, D, F, and H, which covered these regions. Sequencing failures involving primer A were observed for 12.5% of samples, including subtypes F2, CRF02_AG, CRF11_cpx, and CRF22_cpx and recombinant and unclassified isolates. Primer D was included in the ViroSeq kit to overcome issues with primer A, but this primer has the highest failure rate (Table 1) , and more than 50% of samples failing with primer A also failed with primer D, consistent with the results of previous studies reporting the high failure rate of this primer on non-B HIV-1 isolates (9). When primer H failed, the result was an RT sequence covered only at the 3Ј end by a forward sequence (primer C) at positions of key mutations, resulting in resistance to nucleoside reverse transcriptase inhibitors (NRTI) (Q151, M184, L210, T215, and K219) and non-NRTI resistance mutations (V179, Y181, Y188, G190, P225, F227, M230, P236, and K238). Such sequencing failures involving primer H were observed for 24.3% of samples tested and, more importantly, for up to 31.5% of isolates of CRF02_AG, which represents the major HIV-1 variant in Cameroon. Previous studies showed this high failure rate of the ViroSeq assay because of primer H failure with a limited number of CRF02-AG isolates (9) and associated the failure with a high number of mismatches between primer H and CRF02_AG strains (4). Here, we did not identify specific polymorphisms in areas where primers A, D, and H are expected to bind in non-B sequences, but our results clearly showed the considerable degree of polymorphism that exists in non-B isolates in the areas for which these primers are designed, compared to B strains. Our hypothesis is that this high rate of polymorphism of non-B strains reduces the ability of sequencing primers designed based on B viruses to bind, reducing their sensitivity. It is clear that without the primer sequences, no conclusion can be drawn about the presence of specific mismatches that can prevent primer success.
The ViroSeq HIV-1 genotyping system was optimized for use on subtype B strains (3) and is currently widely commercialized and used in African settings where non-B HIV-1 strains predominate. The present observations in Cameroon, a country where almost all cocirculating strains are non-B HIV-1 variants, showed the impact of non-B HIV-1 genetic divergence on the performance of this assay. Because of the high failure rate of some primers, repeated tests are more frequent, and that affects the overall assay cost and delay of result delivery. In addition, having a validated "in-house" method or alternative primers designed on the basis of the local HIV genetic diversity as backup solutions is nearly mandatory to overcome sequencing failures by the ViroSeq assay. This report stresses the need for biological assays that perform robustly on non-B HIV-1 strains, which represent up to 90% of HIV-1 variants circulating worldwide.
Nucleotide sequence accession numbers. Nucleotide sequences of the HIV-1 isolates characterized in this study are available in GenBank under accession numbers HQ864323 to HQ864467.
